Adenovirus isolate NADC-1, a strain of porcine adenovirus type 4, has a fiber containing an N-terminal virus attachment region, shaft and head domains, and a C-terminal galectin domain connected to the head by an RGD-containing sequence. The crystal structure of the head domain is similar to previously solved adenovirus fiber head domains, but specific residues for binding the coxsackievirus and adenovirus receptor (CAR), CD46, or sialic acid are not conserved. The structure of the galectin domain reveals an interaction interface between its two carbohydrate recognition domains, locating both sugar binding sites face to face. Sequence evidence suggests other tandem-repeat galectins have the same arrangement. We show that the galectin domain binds carbohydrates containing lactose and N-acetyl-lactosamine units, and we present structures of the galectin domain with lactose, N-acetyl-lactosamine, 3-aminopropyl-lacto-N-neotetraose, and 2-aminoethyl-tri(N-acetyllactosamine), confirming the domain as a bona fide galectin domain.
Adenoviridae are nonenveloped viruses with a linear doublestranded DNA genome that can infect all five major vertebrate classes. They may be used as vectors for gene or cancer therapy and as vaccination agents (1, 2, 45) . Adenoviruses have an icosahedral (Tϭ25) capsid consisting of the trimeric hexon, forming the facets of the particle, the pentameric penton base, which forms the vertices, and the trimeric fiber protein, which extends from the penton base at the vertex positions (38) . The distal tip of each fiber is composed of a globular head domain, which serves as the major viral attachment site for a variety of cellular receptors, such as coxsackievirus and adenovirus receptor (CAR) (42) , CD46 (15) , and sialic acid (6) . The structural characterization of different fiber proteins from human and nonhuman adenoviruses has been critical for understanding adenovirus tropism and developing new vectors with modified tropisms. Animal adenoviruses are of particular interest, as they may be less immunogenic to humans and may have novel receptor-binding properties. Recently, canine and fowl adenovirus fiber heads have been crystallized and their structures determined (44, 17, 18, 13) .
Porcine adenovirus is classified within the genus Mastadenovirus of the Adenoviridae family and has a genome of approximately 34 kb. It is generally regarded as a low-grade pathogen, at least in immunocompetent hosts. Porcine adenovirus types 1 to 3 are closely related, while types 4 and 5 are less similar, both to this group and to each other. All five are distinct from human, murine, canine, bovine, and fowl adenoviruses (21) . The porcine adenovirus NADC-1 isolate is thought to be a strain of type 4 (25) . Its 703-residue fiber protein is unique among adenovirus strains and contains, from N to C termini, a tail domain (residues 1 to 37; where the interaction sequence with the penton base is found), a short shaft domain with four clear triple beta-spiral repeats (residues 38 to 120 [47] ), and what was originally predicted to be a large head domain (residues 121 to 703 [26] ). The first 167 amino acids of the head domain (121 to 287) are homologous to other adenovirus head domains; therefore, we propose to rename this the head domain and to identify the adjacent C-terminal segments as follows (Fig. 1A) . The sequence containing residues 288 to 392 contains an RGD sequence and is rich in alanine and glutamate residues, suggesting that this is an integrin interaction site. Additionally, sequence analysis predicts a module composed of tandem carbohydrate recognition domains between residues 393 and 681. These putative carbohydrate recognition domains are closely related to those found in the galectin family of beta-galactoside-binding lectins (3, 10) . This galectin domain is unique among adenovirus fibers. The porcine adenovirus galectin module is composed of tandem carbohydrate recognition domains linked by a 23-residue sequence rich in prolines.
Lectins of the galectin family specifically bind beta-galactoside sugars (10) . Their carbohydrate recognition domains consist of two beta-sheets with a jelly roll topology. Strands are designated F1 to F5 and S1 to S6, in which the S sheet faces the carbohydrate. Galectins have been assigned to prototype, chimera-type, or tandem-repeat-type subfamilies (22) . Prototype galectins consist of a single-carbohydrate recognition domain and usually form homodimers with the two carbohydrate recognition domains in a back-to-back orientation and sugar binding sites placed at opposite ends (31) . Tandem-repeat-type galectins contain two nonidentical carbohydrate recognition domains separated by a linker peptide. The organization of the carbohydrate recognition domains in tandem-repeat galectins has not been determined; only structures of single carbohydrate recognition domains are known (37) . However, by analogy to the prototype galectins, a back-to-back orientation, and thus bivalent binding, is generally accepted. Eight highly conserved residues, localized within a pocket formed by three adjacent beta strands (S4, S5, and S6), are involved in carbohydrate binding. Other, less-conserved residues, situated in beta strands S2 and S3, are implicated in the recognition of specific sugars.
Here, we report the structures of the porcine adenovirus type 4 NADC1 isolate fiber head domain and of the galectin domain, the first tandem-repeat-type galectin in which both carbohydrate recognition domains are simultaneously observed, revealing a face-to-face orientation of the carbohydrate-binding domains. Furthermore, we demonstrate that the galectin domain binds N-acetyl-lactosamine-containing carbohydrates.
MATERIALS AND METHODS
Adenoviruses. Ad5Luc1 is a replication-defective E1-deleted adenovirus vector containing a firefly luciferase reporter gene driven by a cytomegalovirus promoter, and it encodes the native adenovirus type 5 fiber protein (27) . The Ad5Luc1-PK vector is isogenic to Ad5Luc1, except that the adenovirus type 5 fiber head domain (residues 404 to 581) is replaced with the head, RGD, and galectin domains (residues 124 to 703) of the fiber protein from the NADC-1 isolate of porcine adenovirus type 4 (40) . Adenovirus vectors were propagated in 293 cells and purified by equilibrium centrifugation in cesium chloride gradients using a standard protocol (16). Viral particle concentration was determined at 260 nm by the method of Maizel et al. (34) using a conversion factor of 1.1 ϫ 10 12 viral particles per absorbance unit.
Glycan array. Glycan screening was performed using a high-throughput glycan array developed by cores D and H of the Consortium for Functional Glycomics (a National Institutes of Health, National Institute of General Medical Sciences initiative, Emory University School of Medicine, Atlanta, GA). The printed glycan array (version 3.2) contained 406 different natural and synthetic glycans printed on glass slides that contain six individual addresses per glycan or glycoconjugate, as described previously (5) . A printed slide was incubated with a 70-l volume of Ad5Luc1 or Ad5Luc1-PK virions at a concentration of 5.5 ϫ 10 6 viral particles/l in sample buffer comprised of 20 mM Tris-HCl, pH 7.4, 150 mM sodium chloride, 2 mM calcium chloride, 2 mM magnesium chloride, 0.05% (vol/vol) Tween 20, and 1% (wt/vol) bovine serum albumin. Following the binding of the virions to the slide, a fluorescein-conjugated anti-hexon primary monoclonal antibody was overlaid on the bound virions. The fluorescence intensity was detected using a ScanArray 5000 confocal scanner (Perkin-Elmer, Waltham, MA). The image was analyzed using the IMAGENE image analysis software (BioDiscovery, El Segundo, CA).
Surface plasmon resonance measurements. Sensor chips were purchased from Xantec Bioanalytics (Muenster, Germany), and neutravidin was from Pierce Protein Research Products (Rockford, IL). Surface plasmon resonance binding assays were carried out using an SR7000DC optical biosensor spectrometer (Reichert Analytical Systems, Depew, NY). All experiments were performed at FIG. 1. (A) Schematic drawing of the domain organization of porcine adenovirus type 4 NADC-1 strain fiber. The predicted virus-binding tail is shown in black, the shaft domain in white, the head domain in light gray, the RGD-containing domain in white, and the tandem-repeat galectin domain in dark gray. The putative integrin-binding RGD sequence is indicated with an asterisk. Electron microscopy images of the fiber indicate flexibility between the head and C-terminal domains; therefore, the C-terminal domains are drawn in different orientations. . The control flow cell was coated with neutravidin using the same coupling protocol. Two sensor chips were prepared with galectin/neutravidin immobilization levels of 12 ϫ 10 3 RiU/14 ϫ 10 3 RiU (sensor chip 1) and 10.5 ϫ 10 3 RiU/6.4 ϫ 10 3 RiU (sensor chip 2); 1 RiU corresponds to 0.73 ng/mm 2 coverage in terms of mass (RiU stands for refractive index unit). For binding assays, solutions of each oligosaccharide were prepared in running buffer [1.4 to 45 mM for lactose, 0.12 to 2.6 mM for N-acetyl-lactosamine, 0.030 to 1.3 mM for lacto-N-neotetraose, 0.039 to 1.5 mM for 3-aminopropyl-lacto-N-neotetraose, 0.040 to 2.0 mM for 2-azidoethyl-di(N-acetyl-lactosamine), and 0.010 to 1.9 mM for 2-aminoethyl-tri(N-acetyl-lactosamine)]. The samples were injected over the galectin-coated and control surfaces at 0.05 ml/min for 120 s in duplicate. As analytes fully dissociated after injection, regeneration steps were not necessary. Experimental data were corrected for instrumental and bulk artifacts by double referencing to the control sensor chip surface and buffer injections. In all cases, sensorgrams showed on and off binding profiles that were too fast for kinetic analysis, so the equilibrium analysis of the sensorgrams was performed to obtain the dissociation constants of the complexes.
Crystallization. The porcine adenovirus type 4 isolate NADC-1 head domain and ligand-free galectin domain were independently expressed, purified, and crystallized as described previously (19) . Sitting drop vapor diffusion cocrystallization methods also were employed to yield crystals of the complexes. Lactose was obtained from Sigma-Aldrich Quimica (Madrid, Spain), N-acetyl-lactosamine was from Dextra Laboratories (Reading, United Kingdom), and 3-aminopropyl-lacto-N-neotetraose and 2-aminoethyl-tri(N-acetyl-lactosamine) were from the Glycan Array Synthesis Core D of the Consortium for Functional Glycomics (The Scripps Research Institute, Department of Molecular Biology, La Jolla, CA). Crystals of the lactose complex were obtained using 28% (wt/vol) polyethylene glycol 3350, 100 mM sodium nitrate, 5 mM dithiothreitol as the reservoir solution, and 70 mM lactose in the protein solution. Crystals of the N-acetyl-lactosamine complex were obtained using 35% (wt/vol) polyethylene glycol 3350, 500 mM sodium nitrate, 5 mM dithiothreitol as the reservoir solution, and 40 mM N-acetyl-lactosamine in the protein solution. Crystals of the lacto-N-neotetraose complex were obtained using 27% (wt/vol) polyethylene glycol 3350, 200 mM lithium nitrate, 5 mM dithiothreitol as the reservoir solution, and 5 mM lacto-N-neotetraose in the protein solution. Crystals of the 2-aminoethyl-tri(N-acetyl-lactosamine) complex were obtained using 28% (wt/ vol) polyethylene glycol 3350, 300 mM lithium nitrate, 5 mM dithiothreitol as the reservoir solution, and 5 mM 2-aminoethyl-tri(N-acetyl-lactosamine) in the protein solution. Crystallization experiments were performed using the sitting drop vapor diffusion method at 18°C. All crystals appeared after 1 to 2 weeks and were cryoprotected by raising the polyethylene glycol 3350 concentration to 35% (wt/vol) if necessary.
Structure solution and analysis. Data collection and processing for the head and ligand-free galectin domains were performed as described previously (19); data for the galectin domain cocrystallized with carbohydrates was collected and processed similarly. Crystallographic models were examined and corrected manually using the program COOT (14) . Restrained refinement was performed using the program REFMAC (36) . The program MOLPROBITY (8) was used to evaluate the stereochemistry. Figures were prepared with Pymol (DeLano Scientific, Palo Alto, CA). Multiple-sequence alignments were performed with CLUSTALW (9). Interfaces were analyzed using PISA (28) . The structure solution of the head domain was achieved by molecular replacement using the adenovirus 5 head trimer (Protein Data Bank [PDB] code 1KNB) as a search model with the program MOLREP (46); a clear solution consisting of two trimers in the asymmetric unit was obtained. Despite the moderate resolution (3.2 Å), the high solvent content and the 6-fold noncrystallographic symmetry contribute to generate electron density maps of high quality. Refinement was performed with noncrystallographic symmetry restraints throughout. Toward the end, TLS (translation/libration/screw) refinement was included (48) , defining each protein chain as a TLS group. The use of a model refined against highresolution data in molecular replacement, the aforementioned high solvent con- a One crystal was used per structure; values in parentheses are for the highest-resolution shell.
where I hi is the intensity of the ith measurement of the same reflection, and ϽI h Ͼ is the mean observed intensity for that reflection. c R factor ϭ ⌺͉͉F obs(hkl) ͉ Ϫ ͉F calc(hkl) ͉͉/⌺͉F obs(hkl) ͉. F obs(hkl) and F calc(hkl) are observed and calculated structure factors at indices hkl, respectively. d The percentages are of residues in the favored, allowed, and outlier regions, respectively. tent and 6-fold noncrystallographic symmetry, and the use of TLS refinement led to unusually low R factors for a 3.2-Å resolution structure ( Table 1) . The structure of the ligand-free galectin domain was solved by molecular replacement using the galectin-3 carbohydrate recognition domain (PDB code 1A3K) as a search model with the program PHASER (35) . A clear solution composed of eight carbohydrate recognition domains, forming four molecules in the asymmetric unit, was obtained. Refinement without noncrystallographic restraints was carried out. Four TLS groups were defined for each molecule, representing the vestige of the purification tag (GGQQGRI; numbered 386 to 391), the N-terminal carbohydrate recognition domain (amino acids 392 to 525), the linker that connects them (residues 526 to 543), and the C-terminal carbohydrate recognition domain (residues 544 to 685). In chains B and C the Cterminal tail (residues 686 to 691) was defined as a fifth group. There are seven outliers in the Ramachandran plot: Ala539 in all four chains and Pro540 in chain A, which are in the linker region, and Pro429 of chains A and C, which are in a surface loop. The structures of the galectin module cocrystallized in the presence of sugars were solved by molecular replacement using chain A of the ligand-free structure as a search model. Refinement was carried out as described for the ligand-free form. In the model with lactose, lactose bound to the N-terminal carbohydrate recognition domain has clear density. Lactose bound to the Cterminal carbohydrate recognition domain has density for the galactose ring, and some disperse clouds of positive density for the glucose moiety; it was refined with occupancy at 0.5. In the model of the galectin domain in complex with N-acetyl-lactosamine, Pro540, which is placed within the rather disordered region 539 to 542, is the unique outlier in the Ramachandran plot.
RESULTS
To obtain structural information on the porcine adenovirus type 4 isolate NADC-1 fiber protein, we constructed expression vectors for amino acids 40 to 703, encoding shaft, head, RGD-containing, and galectin domains; amino acids 116 to 703, encoding head, RGD-containing, and galectin domains; amino acids 40 to 392, encoding shaft, head, and RGDcontaining domains; amino acids 40 to 291, encoding shaftplus-head domains; amino acids 116 to 291, encoding the head domain; amino acids 292 to 392, encoding the RGDcontaining domain; and amino acids 392 to 703, encoding the galectin domain. All contained N-terminal six-histidine purification tags. The first two constructs expressed only small amounts of protein, while for the others milligram amounts of protein could be obtained for extensive crystallization trials. From these, crystals were obtained for the shaft-plus-head domain construct (residues 40 to 291), the head domain alone, and the galectin domain (19) . However, only the structures of the head and galectin domains could be determined by molecular replacement and refined ( Table 1 ). The shaft domain was disordered in the crystals of the shaft-plus-head domain. Transmission electron microscopy images of negatively stained specimens of the almost-full-length fiber containing residues 40 to 703 (data not shown) suggest that the galectin domains do not adopt a fixed orientation relative to the head and shaft domains, rather the linker consisting of residues 292 to 392 appears to allow flexibility.
Structure of the head domain. The head domain of each monomer forms an antiparallel beta sandwich of eight beta strands ( Fig. 2A) , which associate to form a beta propeller trimer (Fig. 2B) . When the structure is compared to that of the fiber head of human adenovirus type 5 (50), the most prominent secondary structural variations occur in the region of the CD and IJ loops, which are located at the top of the trimer and are notably shorter in porcine adenovirus type 4; the HI loop at the side of the trimer also is shorter in porcine adenovirus type 4. Many human adenoviruses bind CAR as a primary attachment receptor (42) . Structural analyses of domain D1 of (4) have revealed the interaction residues, which are conserved in the fibers of types that use CAR as a receptor. It also has been suggested that the fiber heads that bind CAR have a specific conformation of the AB loop (43) . The AB loop of porcine adenovirus type 4 (yellow) structurally resembles AB loops found in human adenovirus type 12 fiber and other CAR binding fibers (Fig. 2C) . However, none of the CAR binding residues are conserved in porcine adenovirus type 4 fiber, apart from Pro-222. Additionally, we could not detect any interaction between the CAR D1 domain and porcine adenovirus 4 head domain in size-exclusion chromatography or surface plasmon resonance experiments; the CAR binding adenovirus type 5 fiber head also did not block the infection of adenovirus containing NADC-1 fiber (data not shown). CD46 is used as a receptor by human adenoviruses of species B as well as some of species D (15, 49) . Interaction regions involve the DG, HI, and IJ loops of the adenovirus head domain (41) . Structural superposition shows that the conformation of loops DG and HI are different, and the IJ loop is shorter in porcine adenovirus type 4 (Fig. 2D) ; furthermore, binding residues Asn-283, Asp-284, Arg-280, and Gln-305 are not conserved in porcine adenovirus 4 fiber head. Finally, cell surface glycoconjugates containing alpha-(2,3)-or alpha-(2,6)-linked sialic acid residues have been reported to serve as receptors for human adenovirus types 37 and 19p (6) , which is consistent with a positively charged patch on their surfaces (Fig. 2E) . The relative absence of positive charge on the porcine adenovirus type 4 head domain (Fig. 2F) suggests that porcine adenovirus type 4 head domain does not bind sialic acid. Taken together, these findings suggest that the fiber head domain does not bind common adenovirus receptors.
Overall structure of the galectin domain. We determined the crystal structure of the porcine adenovirus type 4 galectin domain (Fig. 3) . It shows two carbohydrate recognition domains connected by a proline-rich linker and interacting through a new interaction interface. Both carbohydrate recognition domains are arranged such that the sugar-binding pockets are positioned face to face, allowing them to interact simultaneously with a sugar. Both carbohydrate recognition domains are folded in a beta sandwich with a jelly roll topology typical of galectins. Strands are designated F1 to F5 and S1 to S6, and the prefix n or c is added to distinguish between the Nand C-terminal carbohydrate recognition domain. In addition, a 3 10 -helix (helix 2) can be observed in the loop between strands cF5 and cS2 (Fig. 3A) . The peptide linking the two carbohydrate recognition domains runs parallel to the nF sheet. It is 23 residues long and rich in prolines, and it has a small 3 10 -helix (helix 1). In the ligand-free form, it was possible to trace the short C-terminal tail in the chains B and C containing a short beta strand interacting with strand nS6 of a neighboring molecule. In all crystal forms a short vestige of the N-terminal purification tag is present, which is not discussed and not included in subsequent analyses. The N-and C-terminal carbohydrate recognition domains superimpose well, with a root mean square difference (RMSD) of 1.3 Å (128 superimposed residues). The superposition (Fig. 3B) shows that the main differences between the domains occur in loop S3-S4, which is longer in the C-terminal carbohydrate recognition domain, in loop S4-S5, which adopts a different conformation, and the presence of the 3 10 -helix in the loop cF5-cS2, which is absent from the N-terminal domain.
Identification of carbohydrate ligands for the galectin domain. To determine the potential carbohydrate binding specificity of the porcine adenovirus type 4 NADC-1 isolate fiber, we used a glycan microarray approach, wherein 406 potential carbohydrate ligands could be evaluated simultaneously. Figure 4 shows the carbohydrate binding profiles of purified adenovirus-based vectors Ad5Luc1, containing the native human adenovirus type 5 fiber, and Ad5Luc1-PK, which contains a modified fiber wherein the adenovirus type 5 head domain (residues 404 to 581) is replaced by the fiber head, RDG, and galectin domains (residues 124 to 703) of the porcine adenovirus type 4 NADC-1 isolate.
The control Ad5Luc1 vector showed no specific binding to the glycan microarray. In contrast, the Ad5Luc1-PK vector specifically recognized five structurally related carbohydrates: Galß1-4GlcNAcß1-3Galß1-4GlcNAcß1-3Galß1-4GlcNAc [tri(Nacetyl-lactosamine)], GlcNAc␣1-4Galß1-4GlcNAcß1-3Galß1-4GlcNAcß1-3Galß1-4GlcNAc, Galß1-4GlcNAcß1-3Galß1-4Glc (lacto-N-neotetraose), Gal␣1-4Galß1-4GlcNAcß1-3Galß1-4Glc, and Galß1-4GlcNAcß1-3Galß1-3GlcNAc. Each glycan contains at least one unit of N-acetyl-lactosamine (Galß1-4GlcNAc). Since the Ad5Luc1-PK vector is isogenic to the control Ad5Luc1 vector save for the NADC-1 head and galectin domains, it is likely that the galectin domain mediates these carbohydrate interactions via the galactoside-binding residues in the N-terminal carbohydrate recognition domain. We also performed glycan array screening with purified head and galectin domains, but neither of these proteins yielded positive results. The lack of binding of galectin domain may be due to lowaffinity binding to monomeric protein, while binding to the virus results in a higher effective affinity due to avidity effects (32) . However, the glycan array results defined specific carbohydrates for our subsequent cocrystallization studies, where low-affinity binding can be overcome by adding the carbohydrate ligands in sufficient concentrations.
Structure of the carbohydrate recognition site and interaction with ligands. We cocrystallized the galectin domain with four different carbohydrates: lactose, N-acetyl-lactosamine, 3-aminopropyl-lacto-N-neotetraose, and 2-aminoethyl-tri(Nacetyl-lactosamine), and solved the structures by molecular replacement. Clear unbiased density was observed for all ligands bound to the carbohydrate recognition site of the Nterminal domain (Fig. 5A to D) , and average temperature factors of the ligands were comparable to those of the protein.
No electron density was visible for the respective 3-aminopropyl and 2-aminoethyl substituents of lacto-N-neotetraose and tri(N-acetyl-lactosamine), thus these were not modeled. No significant differences were observed between the ligand-free protein structure and ligand-bound ones; they superimpose with an overall RMSD of between 0.3 and 0.9 Å. Local differences are observed at amino acid Leu541 of the linker region, and we believe this is a consequence of contacts in the crystal. Small differences also are observed in the ligand binding pocket, where the side chains of residues Tyr585 and Asp586 adopt different positions upon interacting with the sugars. The structural analysis of other galectins cocrystallized with lactose or derivates have identified the residues involved in carbohydrate binding. In the N-terminal carbohydrate recognition domain, residues His435, Asn437, Arg439, Val449, Asn451, Trp459, Glu462, and Arg464 make up the canonical carbohydrate binding site (see the alignment in Fig. 1B) . In the Cterminal domain only five of these residues are conserved, the valine is replaced by Ala607, and the arginines are replaced by Gly597 and Thr621, respectively. Concordantly, lactose binding to the C-terminal carbohydrate recognition domain was observed only with high concentrations of lactose (70 mM); density for this molecule was less clear, and it was modeled with an occupancy of 0.5.
The structures of the complexes with lactose and N-acetyllactosamine show that both sugars bind the canonical binding site in the N-terminal carbohydrate recognition domain ( Fig.  5E and F) . We propose that this site functions as the primary carbohydrate recognition site. In both sugars, a stacking interaction occurs between the side chain of Trp459 and the sugar ring of the galactose moiety ( Fig. 5I and J) . The side chains of His435, Asn437, and Arg439 form hydrogen bonds with galactose O4, the Arg439 side chain with galactose O5, and the side chains of Asn451 and Glu462 with galactose O6. The glucose moiety of lactose and the N-acetyl-glucosamine moiety of Nacetyl-lactosamine occupy the same position and make similar contacts. The O3 atom forms hydrogen bonds with the side chains of Arg439, Glu462, and Arg464 and the O4 atom with the Arg439 side chain. In the complex with lactose, a hydrogen bond is formed between the glucose O2 atom. The side chain of Arg464 and in the complex with N-acetyl-lactosamine, the galactose O3 and O4 atoms form hydrogen bonds with the side chain of Tyr585, and the O2 atom interacts with the side chain of Asp586. Both residues are located in the long cS3-cS4 loop of the C-terminal carbohydrate binding domain. N-acetyl-lactosamine was found only in the C-terminal carbohydrate recognition domain; some density for lactose also could be detected in the canonical binding site of the N-terminal carbohydrate recognition domain.
The structure of the complex with 3-aminopropyl-lacto-Nneotetraose ( Fig. 5G and K) shows the lactose moiety occupying the primary recognition site with the same interactions as those described for lactose. However, the N-acetyl-lactosamine moiety occupies a new binding pocket in which the O6 atom of the N-acetyl-glucose forms a hydrogen bond with the side chain of Asp424, and the side chain of Phe574 stacks onto the sugar ring of the galactose residue. In the structure of the complex with 2-aminoethyl-tri(N-acetyl-lactosamine), the N- acetyl-lactosamine at the reducing end (i.e., residues 5 and 6 in the hexasaccharide) is located at the primary recognition site (Fig. 5H and L) and, with the exception of the interaction with the side chain of Asp586, we observed the same interactions as those seen with N-acetyl-lactosamine alone (Fig. 5J) . The central N-acetyl-lactosamine unit (residues 3 and 4) binds in the same place as the N-acetyl-lactosamine unit of 3-aminopropyllacto-N-neotetraose, and, besides the interactions with Phe574 and Asp424 described above, the N-acetyl-glucose O4 and galactose O3 atoms form hydrogen bonds with the side chain of Arg453. Finally, the N-acetyl-lactosamine unit at the nonreducing end (residues 1 and 2) is located in a binding site made up of residues of the C-terminal carbohydrate recognition domain, where the galactose O2 and O3 atom hydrogen bonds interact with the side chain of Arg629, and the carbonyl oxygen of Ala572, Glu573, and Phe598 interacts with the galactose O2 atom.
The tri(N-acetyl-lactosamine) ligand fills the groove between both carbohydrate recognition domains (Fig. 5M) . The lower affinity of the C-terminal carbohydrate recognition domain as well as steric hindrance from the long loop cS3-cS4 prevent this interaction from occurring with the sugar in the opposite orientation. Our structures suggest that the porcine adenovirus type 4 galectin domain would not make additional interactions with longer N-acetyl-lactosamine polymers, therefore an enhanced affinity for longer poly-N-acetyl-lactosamine polymers may be explained by avidity contributions. However, branched sugars may facilitate additional interactions with the protein, possibly involving the C-terminal carbohydrate recognition domain (one might even speculate that the second lactose-binding site is mimicking such an interaction).
Surface plasmon resonance experiments. The affinity of porcine adenovirus 4 galectin domain for lactose, N-acetyl-lactosamine, 3-aminopropyl-lacto-N-neotetraose, 2-azidoethyl-di(Nacetyl-lactosamine), and 2-aminoethyl-tri(N-acetyl-lactosamine) was assessed by surface plasmon resonance experiments (Fig. 6) . The galectin domain was bound to the sensor chip, and the oligosaccharides were injected at various concentrations to monitor their binding to the galectin domain. Sensorgrams were evaluated via steady-state analysis to yield the corresponding binding isotherms from which the dissociation constants were calculated. Lactose and N-acetyl-lactosamine bound very weakly to the galectin domain, and only very rough estimates of the dissociation constants could be made; even so, the affinity of N-acetyl-lactosamine seems to be greater than that of lactose (estimated dissociation constants of around 10 and 100 mM, respectively). The crystal structures of the complex with N-acetyl-lactosamine show additional interactions with Tyr585 and Asp586, which may explain this enhanced affinity. Due to the weak binding of both disaccharides, the saturation region of the binding isotherms could not be experimentally reached, hindering the estimation of binding stoichiometries. The lactose and N-acetyl-lactosamine used are mixtures of alpha and beta anomers. Although the beta anomer should be favored and is the one we observe in our crystal structures, the affinities we measured may be underestimated. Two of the tetrasaccharides and the hexasaccharide used below were derivatized compounds locked in their beta anomeric form. The tetrasaccharides lacto-N-neotetraose, 3-aminopropyl-lacto-N-neotetraose, and 2-azidoethyl-di(N-acetyl-lactosamine) bound the galectin with similar affinities, displaying dissociation constants of 200 to 300 M, with a calculated 1:1 stoichiometry. The dissociation constants obtained for lacto-N-neotetraose and 3-aminopropyl-lacto-N-neotetraose were comparable, which suggests that additional small glycan groups do not influence the binding much.
The surface plasmon resonance data for the binding of the hexasaccharide 2-aminoethyl-tri(N-acetyl-lactosamine) to galectin provided a binding isotherm that was best fit using an alternative binding site model. We propose that the high-affinity binding mode, with an estimated dissociation constant of 20 M and a 1:1 stoichiometry, corresponds to the crystal structure of the complex with 2-aminoethyl-tri(N-acetyl-lactosamine), where the six sugar residues are involved in interactions with the galectin domain. The second binding mode, with an estimated dissociation constant of 380 M (and also a 1:1 stoichiometry), may correspond to a binding mode in which the primary binding site recognizes the central N-acetyl-lac- tosamine residue, and only the first four sugar residues from the nonreducing end are involved in interactions with the protein. A similar binding mode has been reported for the Nterminal domain of human tandem-repeat-type galectin 9 (37) . Although the measured affinities toward the monomeric galectin are moderate, one has to remember that adenovirus fiber is trimeric and thus contains three independent galectin domains. Furthermore, each viral particle contains 12 trimeric fibers. This multimeric arrangement would enable the establishment of multivalent interactions between the viral particles and target surface-bound oligosaccharides on cell surfaces, resulting in higher functional affinities (32) . Furthermore, oligosaccharides of sufficient length may bind more than one galectin domain (33) . Another thing that should be kept in mind is that more-complex, branched sugars not present in the glycan array (and not used in our binding or cocrystallization studies) may make even more contacts with galectin and bind with higher affinity than the carbohydrates mentioned.
Comparison to other tandem-repeat galectins. Multiple-sequence alignments of tandem-repeat galectins (Fig. 1B) show that most of the residues involved in the interaction with tri(Nacetyl-lactosamine) are conserved in human galectin 9. A structural superposition (Fig. 7A ) of the N-terminal carbohydrate recognition domain of human galectin 9 in complex with tri(N-acetyl-lactosamine) (37) on the C-terminal carbohydrate recognition domain of porcine adenovirus 4 galectin in complex with the same sugar reveals that both N-terminal domains have a mode of interaction that is similar to that of the sugar. Although a back-to-back orientation is currently favored for tandem-repeat galectins, it is possible that the C-terminal domain of human galectin 9 adopts a position similar to that observed in porcine adenovirus type 4 galectin. This would explain the observation that although di-and tri(N-acetyl-lactosamine) make the same interactions with the N-terminal domain of galectin 9 (37), affinity chromatography indicates that tri(N-acetyl-lactosamine) has a higher affinity for galectin 9 containing both domains (23) .
These models represent the first complete structures of a tandem-repeat galectin with both carbohydrate recognition domains observed in the same structure, although the crystallization of the nematode tandem-repeat galectin LEC-1 structure was reported (24) and a structure containing both carbohydrate recognition domains was reported in a conference abstract (39) . It has been suggested previously that tandem-repeat galectins do not crystallize readily due to disorder introduced by the linker peptides (11) . Perhaps the relatively short linker peptide of porcine adenovirus type 4 galectin was a factor in allowing us to circumvent this problem. The structures reported here allow an analysis of the interactions between the two domains. The interface between the N-and C-terminal carbohydrate recognition domains buries about 12% of the total solvent-accessible area of both domains (830 to 900 Å 2 for each). The interface is of a mixed nature, involving salt bridges, hydrogen bonds, and multiple van der Waals interactions. The interaction interface can be mapped into two distinct regions. One of these regions is comprised of residues located in the nS4-nS5 loop and at the end of the nS4 strand and interacts with residues in the cS3-cS4 loop. A second interaction region is formed by residues located just before strand nS1, the nF2-nS3 loop, the end of strand nS2, and in the nS2-nF1 loop, which interact with the structurally equivalent amino acids of the C-terminal domain. Aromatic residues from each domain (Phe394 and Tyr548, respectively) contribute to a hydrophobic core between the carbohydrate recognition domains, which may be important for interface stability. These aromatic residues are universally conserved as Phe or Tyr in tandem-repeat galectins (Fig. 1B) , but they are absent from prototype galectins, an observation that may be taken as an argument for a face-to-face orientation in other tandem-repeat galectins. Structures of other tandem-repeat galectins will have to be analyzed to determine how general our observed faceto-face orientation is. It may even be possible that the relatively long linkers between carbohydrate recognition domains of eukaryotic tandem-repeat galectins allow the protein the flexibility to adopt both back-to-back and face-to-face orientations. 
DISCUSSION
The natural receptor of porcine adenovirus type 4 has not been identified but does not appear to be CAR, CD46, or sialic acid (40 and this paper). The analysis of the sequence C terminal to the head domain revealed an RGD-containing sequence and a galectin-like sequence consisting of two putative carbohydrate recognition domains. In many adenoviruses, the RGD-containing sequence is located in the penton base protein, the capsid protein into which the fiber is anchored. There, it has been shown to be important for interaction with integrins (30) . It is plausible that porcine adenovirus type 4 has the ability to interact with integrins via the RGD sequence of its fiber (the sequence of the penton protein is not known). The results presented in this paper demonstrate the ability of the porcine adenovirus 4 fiber C-terminal galectin domain to bind sugars containing N-acetyl-lactosamine units, thus confirming it as a bona fide galectin. Three linearly connected N-acetyllactosamine units may bind at the same time. The location of the galectin domain at the C-terminal end of the NADC-1 fiber suggests that this domain projects away from the virus, making it probable that sugars containing repeating N-acetyl-lactosamine units are natural receptors for this virus. However, the relative importance of N-acetyl-lactosamine-containing carbohydrates and integrins as receptors for porcine adenovirus type 4 remains to be determined in detail, although preliminary experiments (not shown) indicate that the isolated galectin domain partially blocks gene transfer by the vector Ad5Luc1-PK, containing the porcine adenovirus type 4 fiber C-terminal domains.
Structural studies have revealed the structural basis of the dimeric organization in some prototype galectins, in which carbohydrate-binding sites are projected away from each other, and it is unlikely that the two sites cooperatively bind one carbohydrate molecule (3) (Fig. 7B, left) . The dimeric prototype galectin structure has been used to build models of tandem-repeat galectins (51) (Fig. 7B, middle) , although experimental evidence suggests cooperative interactions between the two domains and the necessity of the linker peptide for proper functioning (29) . Furthermore, glycan array experiments carried out with other tandem-repeat galectins point to the necessity of both domains for the recognition of specific sugars, and studies with human galectin 8 have shown that although the specificity of both domains is additive in solution, they bind synergistically to carbohydrates (7) . Here, we report the first structure of a tandem-repeat galectin in which both carbohydrate recognition domains are present and organized in a way not resembling the prototype galectin dimer. The domains are arranged such that they can interact cooperatively with a single glycan (Fig. 7B, right) ; the cocrystal structure with 2-aminoethyl-tri(N-acetyl-lactosamine) reported here confirms they do. This structure may represent a new paradigm in the organization of tandem-repeat galectins and explains the importance of the linker peptide as an organizer of both domains. The face-to-face orientations of the carbohydrate recognition domains allow residues of both domains to interact with the same oligosaccharide and, in principle, may allow for the recognition of more complex sugars than that of one domain alone. Future structures of other tandem-repeat galectins will reveal how general the face-to-face orientation we observe is.
Porcine adenovirus type 4 has been associated with encephalitis (12) . The results reported here will be of use in future efforts focused on elucidating the early steps of the porcine adenovirus 4 replication cycle and may lead to therapeutic applications for swine diseases. Incorporating the galectin domain in human gene therapy vectors may allow the targeting of these vectors to specific cells. The cocrystal structures presented here identify the interactions of the galectin domain with the N-acetyl-lactosamine repeats, opening up the possibility of generating site-directed mutants to change the specificity of the galectin domain and the targeting of adenovirusbased vectors to specific disease-related carbohydrates (20) .
